Abstract. The bonding characteristics, interracial energetics, and electronic structure associated with adhesion at the Mo-MoSi2(001) heterophase interface are investigated using the first-principles, selfconsistent local orbital method. We found both the adhesive energy and peak interracial strength for the interface to be 10%-15% smaller than the respective values for cleavage along the (001) planes in crystalline Mo and MoSi2. The equilibrium interlayer separation between Mo and MoSi2 is found to lie between the interplanar spacings of crystalline Mo and MoSi2. The interracial adhesive bonding is attributable to the combination of a nearly uniform band of charge accumulation at the interface and directional charge accumulation between atoms across the interface. These first-principles calculations demonstrate that the universal-binding-energy relation can be extended to describe adhesion between dissimilar materials.
I. Introduction
The adhesive energy or work of adhesion of an interface is the energy required to separate the two materials that meet at the interface, in the absence of any dissipative processes (such as dislocation motion). In this sense, the adhesive energy is the fundamental quantity which describes the strength of the bond between two materials. It is this adhesive energy that determines the fracture properties of materials within the simple thermodynamic model of brittle fracture due to Griffith [1] . While more modern theories of interfacial fracture are capable of including a range of other physical phenomena (e.g., plasticity, segregation, etc.), they all require, at their most fundamental level, a description of the energy or force required to separate the material at the interface-i.e., the adhesive energy. As a result of the centrality of the adhesive properties in fracture, the adhesive energy becomes a focal point of an increasing number of studies involving physicists, chemists, and materials scientists. As the search for high-performance materials continues, it is common to combine two or more materials with complimentary properties in order to optimize properties. This has led to considerable interest in the fracture behavior of composites and the interfaces between the dissimilar materials within them. The present paper focuses on the adhesive energetics of heterophase interfaces in a metal/intermetallic composite. This work is part of an ongoing effort to obtain a microscopic understanding of the mech-anisms that control adhesion in order to provide a rational basis for the design of increasingly complex materials.
Several approaches can be applied to theoretically determine the adhesive energy of heterophase interfaces. These include empirical methods, semiempirical methods and ab initio methods. In the first category are atomistic simulations based upon physically motivated, empirical interatomic potentials. The advantage of this approach is that atomistic simulations of this type are computationally efficient and can be used to obtain optimized (equilibrium) atomic positions. On the other hand, this efficiency comes at the cost of accuracy as the interatomic potentials do not typically yield accurate bonding energetics in very different environments from that in which they were fitted. The ab initio or first-principles methods are fully quantum mechanical and yield reliable bonding energetics and electronic structure. These methods are generally not sufficiently computationally efficient to allow optimization of atomic positions. Semiempirical methods combine the advantages and disadvantages of each. In the present study, we focus on a heterophase interface where relatively little atomic relaxation is expected. In this case, the accuracy of the ab initio methods are not severely compromised by the lack of atomic relaxation.
Heterophase interfaces, by their nature, involve systems with periodicity broken in the direction perpendicular to the interface. The lowered symmetry normally requires large unit cells in order to reasonably represent the interface. While modern, state-of-the-art first-principles calculations (within the framework of the density functional theory [2] ) have been shown to accurately predict a wide variety of phenomena in a wide range of materials, the substantial supercomputing resources they require have prevented their widespread application in investigations of adhesive properties of heterophase interfaces. To date, there has not been a first-principles study which has provided adhesive energies for heterophase interfaces between metallic materials.
In this paper, we report the results of a fully three-dimensional, first-principles study of adhesion at a heterophase interface. The electronic structure and total energy of the Mo(001)-MoSi2(001) interface is calculated as a function of interfacial spacing by using the first-principles, self-consistent local orbital (SCLO) method [3] . To determine the adhesive energetics, the recemly proposed four-point method [4] is then employed to fit the calculated energy values at different interracial separations to a universalbinding-energy relation (UBER) [5] . The ideal work of adhesion (or adhesive energy), the peak interracial strength (the peak derivative of the energy with respect to the separation of the solids at the interface), and the full adhesion curve are all obtained by performing calculations at as few as four interfacial separations. The adhesive energy and the pertinent surface energies are combined to analyze the relative configurational stability of different possible interracial geometries.
MoSi2 is of particular interest for hightemperature structural applications [6] . The inherently low ductility of pure MoSi2 has led several groups [6] to create a composite of MoSi2 and other tougher metals (such as Mo and Nb) in order to achieve higher dtictility through ductile phase toughening. MoSi2 crystallizes in the bodycentered tetragonal structure with experimental lattice constants [7] a --3.202 ~, c = 7.851 A. The experimental lattice constant of bcc Mo is [8] a = 3.14/~ and, hence, the lattice mismatch for the [100]//[100] (001) planes of the two materials is then less than 2%. Hence, we expect the interface to consist of epitaxially bonded Mo and MoSi2 with a periodic array of dislocations at the interface which are spaced approximately 160/~ apart. In between these widely separated dislocations, we expect little atomic relaxation due to the epitaxial constraints and the short screening lengths in metals. In the present study, we consider the [100]//[100] (001) epitaxial interface between Mo and MoSi2 which may be viewed as either the state of the interface for very thin films (smaller than the critical thickness for dislocation formation) or as the region between the misfit dislocations when the two materials are thick. In this sense, this is an ideal candidate metal/intermetallic system for studying heterophase interfaces using first-principles methods.
Method
The electronic structures and total energies of all of the interfacial configurations considered in this study are determined using the SCLO method [3] which has previously been successfully applied to the study of transition metal surfaces. The Ceperley-Alder [9] form of the exchangecorrelation potential is used in the local-densityfunctional single-particle equation [2] . The selfconsistent iterations are carried out until electron eigenvalues are converged to better than 5 MeV. A vacuum space with a thickness of four times the lattice constant of bcc Mo is added to both sides of the slabs to form three-dimensional unit cells. This was found to greatly improve computational efficiency [3] . The localized basis set includes all of the core and valence orbitals. The core orbitals are represented by linear combinations of Gaussians, which approximate the atomic wave functions found by solving the Kohn-Sham equations for the atoms. For the valence orbitals, a minimum basis which, for efficiency, might approximate contracted atomic wave functions is augmented by more diffuse orbitals. The basis set constructed in this manner contains much of the flexibility of the quantum chemist's doublezeta-plus-polarization basis sets. Plots of the radial parts of the conduction-band local orbitals of Mo and Si are exhibited in figure l(a) and (b), respectively. The prescription used to obtain the basis set of Mo is the same as that used for other transition metals [3] . The 4p and 4d valence orbitals of Mo are fitted in the same way as the core orbitals. The 5s valence orbital is, however, fitted to a contracted atomic 5s wave function for the sake of computational efficiency. In addition to the minimum basis set of 4p, 4d, and 58 orbitals, more diffuse 5p, 5d, and 6s orbitals are also used. The 5d orbital is made up of the most diffuse Gaussian of the inner d-symmetry orbitals plus the appropriate linear combination which orthogonalizes the 5d orbital to the 3d and 4d orbitals. Similarly, the 5p and 6s orbitals are each constructed from a single diffuse Gaussian with additional terms orthogonalizing them to the inner orbitals of their respective symmetry. The inclusion of the more diffuse 6s orbital makes it possible to contract the inner 5s orbital, which greatly reduces the number of matrix elements that need to be included [3] . The scale factor for the diffuse 5p orbital Gaussian was chosen to be 0.2; a value used in a number of previous calculations of transition metals [10] . For the 6s orbital, the scale factor was determined by minimizing the total energy of a three-layer slab of bcc Mo. The optimized value is found to be 0.04. This is exactly what was found for bcc Fe in previous studies [10] .
The procedure for obtaining the basis set of Si is somewhat different. Si differs from the transition metals in that it does not contain d electrons. Orbitals up to 3s and 3p are fitted to approximate the unmodified atomic wave functions. The 4s and 4p orbitals, on the other hand, each consist of a single diffuse Gaussian orthogonalized to the inner orbitals. The 4s and 4p orbital scale factors are simultaneously determined by minimizing the total energy of a three-layer slab of MoSi2. The 3d orbital is fitted to the contracted atomic 3d wave function computed self-consistently for a Si atom in the atomic configuration 3s13p23s This is done to ensure that the 3d orbital has relatively short range in order to lessen the possibility of linear dependencies-a common problem in the calculations involving nonorthogonal basis sets.
As seen in figures l(a) and (b), all of the fitted orbitals, except the Mo 4d and Si 3d, are quite smooth. Further investigation has shown that the slight undulations of the Mo 4d and Si 3d are due to the limited number of Gaussians used to fit these orbitals. Test calculations found that the electronic structure and total energy results were nearly unchanged when orbitais fitted with more Gaussians (to eliminate the undulations of the Mo 4d and Si 3d orbitals) were used. Since marginal gains in accuracy are achieved and greater computational effort is required when orbitals fitted with more Gaussians are employed, we chose to use the Mo 4d and Si 3d orbitals as shown in figures l(a) and (b).
The total energy as a function of Mo-MoSi2 interfacial separation was fitted to the universal binding energy relation (UBER) using the four-point method [4] . The adhesive energy per unit surface area (E) as a function of interracial separation (d) is thus fitted to
where
The equilibrium interfacial separation is denoted by do and the corresponding adhesive energy is -E0 (E0 will be referred to as the ideal adhesive energy hereafter). The zero of the adhesive energy is chosen to correspond with effectively infinite separation. The scaling length 1 in equation (2) is a fitting parameter which provides a measure of the elastic characteristics of the material [5] . The interracial strength a is defined as the derivative of the total energy with respect to the interfacial separation d and is, found from equations (1) and (2),
where the ideal peak interfacial strength amax is related to the ideal adhesive energy Eo by 2Eo am~x = le (4) and where e is the base of the natural logarithm. The factor of two accounts for the fact that traditionally a is considered to be a force per cross-sectional area, while Bo is an energy per surface area.
In order to simplify the calculations, the MoMoSi2 interface is assumed to be epitaxial with a lattice constant of a = 3.202/~, the MoSi2 lattice constant. The interlayer separation in the Mo slab was chosen to be half of the experimental lattice constant of bcc Mo [8] . The separation between the Si-Si and Mo-Si planes in MoSiz were set equal to each other (= c/6). This has been shown to be a good approximation [7, 11] . Only very small atomic relaxation are expected and hence, for simplicity, no atomic relaxation and reconstructions are considered. Depending upon the stacking sequence near the interface, three distinct interfacial arrangements are possible. These arrangements can be represented by MoMo//MoSiSi, MoMo//SiMoSi, and MoMo//SiSiMo, where the double slashes are used to denote the interface. While only those atomic layers closest to the interface that are needed to distinguish the interfacial arrangements are listed, one might also wonder how thick the films should be to adequately represent adhesion. Both Mo and MoSi2 are metallic. Since short electronic screening lengths are characteristic of metallic systems, effectively limiting interracial electronic effects to one or two layers of the interface, it is reasonable to model the interface by slabs containing a few atomic layers. That this is valid will be clear from electron density distributions that will be shown later in this paper. In order to examine the dependence of interfacial properties upon the thickness of the slabs and interfacial arrangement, four different MoMoSi2 interfacial configurations are considered in this study. To facilitate the separation of the Hamiltonian matrix into those with even and odd reflection symmetry and to keep all of the matrix elements real, reflection symmetry in the direction perpendicular to the interface is maintained in all configurations. The stacking sequences of the four configurations starting from the mirror plane are MoMo//SiMoSi, MoMo//SiMoSiSi, MoMoMo//SiMoSiSi, and MoMo//SiSiMoSi, respectively. The first three configurations all correspond to arrangement where the first MoSi2 layer is Si and the second is Mo but with different Mo and MoSi2 slab thicknesses. The last configuration corresponds to the arrangement in which the first two MoSiz layers adjacent to the interface are Si. For purposes of comparison, results for ideal adhesion in pure MoSi2, cleaved along a (001) plane are also reported. The two possible MoSi2 (001) cleavage planes are MoSi//SiMoSi and MoSiSi//MoSiSi. The MoMo/MoSiSi interfacial arrangement is not included in this study since this case will be nearly indistinguishable from that of cleavage in pure Mo.
3.l. Adhesion
The calculated values of the ideal adhesive energy (E0), the peak interracial strength (Crm~,), the equilibrium interracial separation (do), and the scaling length (1) for all six interracial geometrics described above are reported in table 1. By comparing the adhesion results for the three geometrics in which a single Si layer is at the interface, it is clear that the thickness of slabs does not substantially affect the ideal adhesive energy, the peak interfacial strength, or the equilibrium interfacial separation. The MoMo//SiMoSiSi and MoMoMo//SiMoSiSi E0, ~rmax and do all agree to within 3%. This indicates that a three-layer slab is adequate for modeling bulk Mo. This is a direct manifestation of the very short screening length in metals. The somewhat larger differences between the results with two different MoSi2 slab thicknesses, on the other hand, are largely due to the smaller interplanar spacing in MoSi2 than in Mo (approximately 15%) in the [001] direction. Based upon the above discussion, we assume that a slab of MoSi2 of four layers is sufficient to represent the bulk MoSi2.
It is not possible, based upon the data in ta- If we were to bring this equilibrium MoSi2 surface in contact with a Mo surface at sufficiently low temperatures, then we would expect the stacking to remain unchanged, i.e., MoMoMo//SiMoSiSi. If the energy difference between MoMoMo//SiMoSiSi and MoMoMo//SiSiMoSi were sufficiently small, then it would be likely that in any Mo(001)//MoSi2(001) composite both interfaces would be present. This assertion is based upon the nonequilibrium nature of composite processing and the manner in which interfaces migrate. Therefore, when the composite is subjected to an external stress which tends to pull the interface apart, it is the weaker interface which would dominate the adhesion properties of material. Examination of table 1 demonstrates that the MoMoMo//SiMoSiSi interface is substantially weaker than the MoMoMo//SiSiMoSi interface, based on both the adhesive energy Eo and the peak interfacial strength O'max. For all of these reasons we will focus on the MoMoMo//SiMoSiSi interface for the remainder of the present study.
In order to examine the validity of the universal binding energy relation (UBER) (equation 1) for adhesion between two dissimilar metallic materials, the UBER form is fitted to the calculated energy values at different interracial separations and plotted in figure 2 for the six interfaces analyzed in table 1. In all cases, the UBER provides an excellent fit to the data. The MoMo//SiMoSiSi and the MoMoMo//SiMoSiSi adhesion curves are very close over the entire range of the interracial separation, reflecting the short-screening effect in Mo, as discussed earlier. Strikingly, the adhesion curves for the MoMo//SiSiMoSi and MoSiSi//MoSiSi interfaces are nearly the same over a wide range of the interfacial separation. This suggests that the/MoSiSi surface energy is similar to that of the pure Mo (001) regarding adhesion.
For completeness, the calculated interfacial stress is plotted as a function of interracial separation in figure 3 for all of the interfaces listed in table 1. While the stress-separation curves for the probable interface configuration MoMo//SiMoSiSi and MoMoMo//SiMoSiSi are nearly identical, the MoMo//SiMoSiSi and MoMo//SiSiMoSi stress-separation curves are quite different. The probable interracial arrangement MoMo//SiMoSiSi has both a smaller adhesive energy and interfacial strength than the MoMo//SiSiMoSi interface or the (001) planes of single-crystal MoSi2 and Mo [4] .
Interracial electron redistribution
When two materials are brought into adhesive contact, electron rearrangement occurs at the interface. The electron rearrangement is normally associated with the formation of adhesive bonds. In order to compare the role of electron rearrangement in different interfacial geometries, we plot the changes in the electron density profiles for the MoMo//SiMoSiSi interface, the MoMo//SiSiMoSi interface, and perfect MoSi2 (MoSi//SiMoSi) when they are formed by bringing the two slabs together from large separations (figures 4(a--c), respectively). These plots are generated by subtracting the electron charge density distributions at the equilibrium interfacial separation by those at large separation. Examination of the electron rearrangement shown in figures 4(a--c) demonstrates that charge rearrangement is effectively limited to one or two atomic layers in all three cases. This provides further direct evidence of the short screening lengths associated with these metallic systems.
The magnitude of the electron rearrangement associated with the formation of the adhesive bonds is quite strong at the interface. The characteristics of the electron rearrangement are distinct in each of the three cases. In the perfect MoSi2 crystal (MoSi//SiMoSi) ( figure 4(c) ), electrons accumulate along the interface midway between the Si and Mo atoms. These electrons are mainly drawn from the regions near the Si and Mo atoms, which were on the surfaces prior to the formation of the adhesive bond. This is very similar to the formation of covalent bonds in diatomic molecules [5] in which the atoms involved in bonding contribute electrons to the interatomic regions where bonds are formed. It is interesting to note that no substantial electron accumulation occurs between the Si atoms across the interface, even though they are closer than the Mo-Si pairs. This indicates that the Mo-Si bonding dominates in crystalline MoSi2. In addition to the electron rearrangement characterized by the atoms at the interface contributing electrons to the interfacial region in the MoSi//SiMoSi case ( figure 4(c) ), same-site electron rearrangement between states of different symmetry also takes place at the MoMo//SiMoSiSi ( figure 4(a) ) and MoMo//SiSiMoSi ( figure 4(b) ) interfaces. It is clear that the Mo atoms at the interface lose some electrons in the d~ and du~ states while gaining electrons in the d~_r2 state. This obviously tends to strengthen the adhesive bonds. In the MoMo//SiMoSiSi case, the electron accumulation between the Mo and Si atoms at the interface is not as strong as in the pure MoSi2 (MoSi//SiMoSi) case. On the other hand, the electron rearrangement between the Mo atoms on the Mo side of the interface and the Mo atoms two layers away across the interface are greatly enhanced. In addition to the strong MoMo bonds formed at the interface, there is also substantial electron accumulation between the Mo and Si atoms at the interface. This helps to form a substantial, continuous band of electron accumulation along the interface. Thus, the adhesive bonds at the MoMo/SiMoSiSi interface are best described as the combination of a uniform band of electron accumulation along the interface and directional electron accumulations between the atoms across the interface along the direction perpendicular to the interface.
The MoMo//SiSiMoSi interface exhibits yet another type of adhesive bond. In this case ( figure 4(b) ), there are strong electron accumulations between the Mo atoms at the interface and the two Si layers across the interface. The electron accumulations in the interatomic regions between the subsurface Mo and the interfacial Si atoms is small. Note that the electron rearrangement around the Mo atoms in MoSi2 and the second layer Mo atoms in the Mo slab is larger than the comparable sites in the MoMo//SiMoSiSi case ( figure 4(a) ). While the above discussion focusing on electron rearrangement due to ideal adhesion can be useful in elucidating the characteristics of adhesive bonds, quantitative connections between the adhesive energetics and the electron rearrangement require total energy computations, as provided in Section 3.1.
Interracial density of states
As illustrated above, electron rearrangement caused by ideal adhesion is essentially limited to within one or two atomic layers of the interface. It is therefore natural to examine the changes in electronic structure caused by the interfacial contact by focusing on the atomic layers at the interface. Figures 5(a and b) show the local densities of states (LDOS) for atoms at the MoMo//SiMoSiSi and MoMo//SiSiMoSi interfaces, respectively, where the zero of the energy scale was chosen as the Fermi energy. The plots are for the equilibrium interracial separation. The upper panels in figures 5(a and b) show the total LDOS on the atomic sites within one layer on either side of the interface. The lower panel shows the LDOS at the same sites, where the bulk-like states have been subtracted out. These are referred to as interface states, which are defined as those states with more than 55% of their weight concentrated on the two layers at the interface. For comparison, the LDOS for the center layer of a five-layer Mo slab and the three center layers of the MoSi//SiMoSi system which contain one formula unit of MoSi2 are also shown in figures 5(c and d) , respectively. These layers are supposedly bulk-like layers in the slabs and, indeed, figures 5(c and d) are in very good agreement with those for bulk Mo and MoSi2 from earlier first-principles studies [11] [12] [13] [14] . This demonstrates, from an electronic structure point of view, that relatively thin slabs can be used to represent bulk metallic materials. The LDOS for atoms at the MoSiSi//MoSiSi interface are not shown as they are essentially what are expected for bulk-like MoSi2 atoms, as shown in figure 5(d) and previously published studies [13, 14] . Although there is no unique way of projecting the LDOS onto atomic orbitals located on individual planes, the widely used Mulliken [15] ure 5(c) or [11, 12] ) and those for Mo in MoSi2 (the profile of which is primarily as that is shown in figure 5(d) , see [13, 14] ) However, the deep valley (low LDOS region) near the Fermi energy for the Mo sites in both crystalline Mo and MoSi2, which is generally associated with the stable phase, is not present in the LDOS. Consequently, the 4d LDOS at the Fermi energy is high. The 3s orbital at the interracial Si sites is localized within a narrow energy range centered at -8 eV, in contrast to the situation in crystalline MoSi~, where the 3s orbital spreads over a wide energy range approximately between -13 and -6 eV. This suggests that the interfacial Si 3s orbital is not actively involved in the hybridization of orbitals in the MoMo//SiMoSiSi case. There are groups of peaks dominated by the Mo-4d and the Si-3p orbitals at the Mo and Si sites at the interface, respectively, between about -6 and -2 eV. These peaks are well separated from the states at higher energies and presumably constitute a large fraction of the bonding states. The Mo-4d peaks between -2 and 2 eV do not have prominent counterparts from the Si3p orbitals in the same energy range. To some extent, the LDOS due to interface states in the lower panel merely echo the corresponding total LDOS. The peaks that occur between -6 and -2 eV are separated by a deep valley at about -3.7 eV at the interracial Mo site, while only the lower part remains significant at the interfacial Si site. The LDOS values at the Fermi energy at both the interracial Mo and Si sites are very small. The LDOS at the interfacial Mo and Si sites in the MoMo//SiSiMoSi case are not much different from those in crystalline MoSi2 ( figure 5(d) ) and [13, 14] ). Both the peak between -2 and -1 eV and the peak at about 2 eV at the interfacial Mo have counterparts in MoSi2. A deep valley at the Fermi energy is also reminiscent of the situation in MoSi2. The most significant difference between the MoMo//SiSiMoSi and crystalline MoSi2 cases is a peak centered at about -3.5 eV attributable to the Mod-Mod hybridization which is missing in MoSi2. The Si 3s orbital, in the MoMo//SiSiMoSi interracial case, occupies a wide energy range comparable to that in MoSi2 owing to the Sis-Sis hybridization, in contrast with MoMo//SiMoSiSi case ( figure 5(a) ). The overall resemblance of the LDOS between the MoMo//SiSiMoSi interface and crystalline MoSie is consistent with the results of adhesive energetics in these two cases, as discussed earlier. The strong binding (larger ideal adhesive energy) in the MoMo//SiSiMoSi case is presumably due to MoSiSi//MoSiSi having an E0 which is larger than that of MoSi//SiMoSi.
It is informative to look at the band structure of interface states as well as their LDOS shown above. Figures 6(a and b) In the MoMo//SiMoSiSi case, widely distributed interface states exist with modest weight at the interface between -9 and -8 eV which are primarily attributable to the Si 3s orbital. These interface states are separated from others at higher energies by more than 2 eV, which again indicate weak hybridization between the Si 3s and other orbitals. On the other hand, the interface states dominated by the Si 3s are essentially limited to the Y direction in the MoMo//SiSiMoSi case. These interface states are highly concentrated (indicated by the large circle sizes) on the two interface layers and are distributed around -7 eV. In addition, they are not as widely separated from the other interface states as in the MoMo//SiMoSiSi case.
At higher energies (above -5 eV), both the MoMo//SiMoSiSi and MoMo//SiSiMoSi cases show a large number of interface states dominated by the Mo 4d and the Si 3p. It is intriguing to note that the interface states in the MoMo//SiSiMoSi case tend to have higher concentration at the interface (as shown by larger circle sizes) than those in the MoMo//SiMoSiSi case. While there are highly localized interface states near the F point at about -3 eV and the X point between -2 eV and the Fermi energy in the MoMo//SiSiMoSi case, few of these interface states appear in the MoMo//SiMoSiSi case. Just below 2 eV, highly localized interface states are shown in both cases. These are centered at the X and M points in the MoMo//SiMoSiSi case and are primarily distributed along the Y direction in the MoMo//SiSiMoSi case.
Summary
A first-principles study of interracial energetics, bonding characteristics, and electronic structure associated with ideal adhesion at the Mo-MoSi2 (001) heterophase interface has been presented. Results from this study suggested that the interracial bonding mechanisms are strongly dependent upon the interracial arrangements (i.e., the stacking sequence). The adhesion between the Mo The calculated energy bands due to interface states, as defined in the text, for (a) MoMo//SiMoSiSi; and The sizes of the circles are directly proportional to the interface state electron densities on atoms and Si layers was shown to be stronger than the adhesion between two Si layers in crystalline MoSi2. Thus the lower surface energy stacking for the MoSi2 free surface is a single Si at the surface with a Me layer beneath it. Bringing this surface stacking in contact with the Me yields a MoMo//SiMoSiSi stacking, which we consider to be the likely equilibrium stacking. The MoMo//SiMoSiSi was shown to have weaker adhesion than the MoMo//SiSiMoSi interface and, thus, is likely to dominate the adhesion properties of the material consisting of both Me and MoSi2. The adhesion in the interracial configuration in which MoSi2 has two Si layers at the interface (MoMo//SiSiMoSi) was shown to resemble the adhesion between Me and Si layers in crystalline MoSi2. Stronger adhesion found at the MoMo//SiSiMoSi configuration is therefore attributable to the higher energy needed to create the MoSi2(001) free surface with two Si layers at the surface. Both the ideal adhesive energy and peak interfacial strength for the 
